he LEGO Mindstorms Robotic Invention System is marketed as an educational toy for children aged 12 years and older [1] , [2] . Apart from a plethora of structural components, the kit contains dc motor actuators, a range of sensors, and, most importantly, the so-called RCX component. The RCX component is a self-contained programmable system based on the Hitachi H8 8-b microprocessor with built-in interface to three actuators and three sensors, as well as an infrared (IR) communications interface.
T
he LEGO Mindstorms Robotic Invention System is marketed as an educational toy for children aged 12 years and older [1] , [2] . Apart from a plethora of structural components, the kit contains dc motor actuators, a range of sensors, and, most importantly, the so-called RCX component. The RCX component is a self-contained programmable system based on the Hitachi H8 8-b microprocessor with built-in interface to three actuators and three sensors, as well as an infrared (IR) communications interface.
The RCX component was initially developed as an educational tool through the collaboration of LEGO and MIT [3] , [4] . One of the first versions of the RCX allowed six input and six output blocks to be connected to the H8 microprocessor. When LEGO developed the commercial version of the RCX, the number of inputs and outputs was reduced to three of each. Although this change reduced the flexibility of the RCX utilization, it reduced the drain on the batteries that power the system.
The initial intended use of the RCX system was for research and educational activities. Combining the versatile LEGO Technics construction blocks with the easy-to-use programming and I/O interfacing of the RCX provided a fast prototyping system to support these activities. Although the commercialization of this product has focused on the recreational and K-12 educational markets, the flexible and expanding world of LEGO Mindstorms is widely accepted as a tool for research and higher education. Enthusiasts have extended the hardware and software in various ways [1] , [2] . A recent issue of IEEE Robotics and Automation Magazine [5] - [7] argues that these extensions show that the LEGO Mindstorms kit can be used to good effect in an educational context. In particular, the kit is relatively cheap, robust, reconfigurable, reprogrammable, and induces enthusiasm and innovation
Bench-top demonstrations and laboratory experiments
in the field of continuous-time control systems in students. However, most work in robotics and automation such as [5] - [8] focuses on discrete-event control using on-off sensors and logic control. In contrast, this article uses the LEGO Mindstorms kit for bench-top demonstrations and laboratory experiments in the field of continuous-time control systems. However, neither the sensors nor the actuators provided as standard are appropriate for this purpose; in fact, the sensors are heavily quantized and the actuators are nonlinear. This article shows how these deficiencies can be overcome by creating more accurate sensors and by linearizing the actuators using electro-mechanical feedback. Several control experiments are presented to investigate and illustrate the use of this kit; in particular, we consider the identification and state-space control of the cart and pendulum system shown in Figure 1 .
LEGO Components
The components of the LEGO Mindstorms Robotic Invention System are described in detail in [1] ; for this article, components are categorized under the headings of sensors, Throughout the text, ideas for student investigation are presented in boxed form like this. 
Online Resources
• http://brickos.sourceforge.net/contains the latest version of the legOS/brickOS operating system for the LEGO RCX brick.
• http://www.ldraw.org/ has programs for drawing and displaying LEGO models. • www.octave.org has information about the Matlab-like program Octave.
• http://www.mech.gla.ac.uk/∼peterg/Lego contains -the LEGO model in ldraw form -the legOS and LNP source used for the project -the cart and pendulum control code -the Octave code for controller design and code generation -a movie of a cart and pendulum experiment.
Because brickOS and LNP are open source, the student can gain an understanding of real-time operating systems and sensor/actuator interfacing. Students are encouraged to download and use the latest versions to understand the importance of software upgrades and the corresponding bug-fixing cycle.
actuators, and information technology. As discussed in [2] , it is possible to build alternative sensors and interface them to the RCX. Equally important, an alternative operating system legOS (now known as brickOS [9] ) is available for implementing real-time controllers programmed in C++, and a TCP/IP based communications protocol LNP (legOS network protocol) is available for downloading code and communicating data by means of the IR link.
Sensors
For control-system operation, the standard LEGO sensor of interest is the rotation sensor; however, this sensor can measure rotation only in increments of 360 • /16 = 22.5 • . As discussed in [1] , this resolution can be increased by suitable gearing; unfortunately, this approach introduces excessive friction for the purpose of suspending a pendulum. However, as shown in [2] , an instrumentation-quality potentiometer can be glued to a standard LEGO flange and electrically interfaced to the RCX. Figure 2 illustrates how this modification is accomplished.
There is no standard velocity sensor provided. However, as every engineering student should know, an open-circuit dc motor produces a voltage proportional to angular velocity. As discussed in [2] , the RCX can measure a voltage as long as the voltage source has large internal resistance. Figure 3(a) gives details of how the measurement can be accomplished.
As discussed later, the output from the angular velocity sensor is noisy. Students can design and build a suitable low-pass filter. A utomatic code generation is widely used in industry and academia. As a simple example, consider the state-space controller of (7) with numerical values given in Table 3 . Standard state-space design within the matrix manipulation package Octave (similar to MATLAB) is used to generate the state-feedback gain K and observer gain L given by Note that matrix entries with value zero do not appear, and matrix entries with value unity do not explicitly appear.
Compared to the alternative approach of using loops to implement matrix multiplication, this approach yields fastexecuting code, which is an important consideration when using the relatively slow Hitachi H8 processor. This code is included in the function Cart_con.c listed in Code fragment 18, where further explanation is given.
Automatic Code Generation
The standard LEGO actuator component is a good quality permanent-magnet dc motor with high inertia and low friction.
Unfortunately for control purposes, the linear actuator is powered using pulse-width modulation. During the on phase, the armature resistance contributes to the system dynamics, whereas during the off phase the armature is an open circuit, and thus the armature resistance plays no part in the overall system dynamics. Thus, the effective armature resistance depends on the control signal to the dc motor. In the context of the cart and pendulum system, the armature resistance forms the major part of the resistive component of the dynamics, and so this nonlinear effect is significant. To the control engineer, a natural way to overcome the nonlinearity arising from the pulse-width modulation is to design a velocity feedback loop. A simple design is to mechanically connect the actuating dc motor shaft to the shaft of a second dc motor with short-circuited armature. 
Cart and Pendulum System
The cart and pendulum system shown in Figures 1 and  4 is constructed using the LEGO components of Tables 1  and 2 , together with the special sensors discussed above and corresponding software. In particular, the hardware comprises the following items:
Students can show why this connection gives velocity feedback and why the short-circuited dc motor is equivalent to a rotational mechanical damper. They can also investigate the alternative approach of implementing the velocity feedback in software using the angular velocity sensor discussed above.
The high quality of the LEGO motors allows a good demonstration of electro-mechanical energy conversion by electrically connecting two motors and observing that manually rotating one shaft rotates the other shaft through the same angle.
Students can devise methods to measure the armature resistance r a , the motor gain k m , and the motor mechanical inertia j m assuming that both friction and armature inductance can be neglected. Although the commercialization of this product has focused on the recreational and K-12 educational markets, the flexible and expanding world of LEGO Mindstorms is widely accepted as a tool for research and higher education. IEEE Control Systems Magazine
• Two motors fixed on a common axle to drive the rear wheels by means of a 24 : 24 = 1 ratio gear (see Figure 4) . The software converts a normalized control signal −1 < u < 1 into the full torque range of the motor drive.
• The open-circuit dc motor of Figure 3 (a), coupled to the drive motor by means of a 24 : 40 = 0.6 ratio gear, acts as a velocity sensor. The software converts this signal into the forward velocity of the cart v c m/s.
• The short-circuited dc motor of Figure 3 (b), coupled to the drive motor by means of a 24 : 40 = 0.6 ratio gear, acts as an electrodynamic brake. As discussed above, this motor provides velocity feedback to make the drive more linear.
• A standard rotation sensor, which is coupled to the motors by means of a 24 : 16 = 1.5 ratio gear. The software converts this signal into the linear position of the cart y c m.
• The homemade rotation sensor of Figure 2 , which is used as the suspension point of the pendulum. The software converts this signal into the horizontal movement of the pendulum y p m with respect to the cart.
• The gearing is shown in detail in Figure 4 (b), where a driving wheel has been removed for visibility. The software comprises the following programs:
• The real-time kernel legOS [9] version 0.2.4 (see "Online Resources"). Unlike later versions, this version has full support for the legOS Network Protocol (LNP) communications software and support for the serial IR communications port.
• Automatically generated controller code (see "Automatic Code Generation") implementing one of four controllers:
• open-loop control 
Quantity
Color Description The infrared sensor is programmed using the LNP software to send five numbers back to the external computer at every sample instant: time t, pendulum absolute position y = y p + y c , control signal u, measured cart velocity v, and controller setpoint w. To save time, each floating-point number is scaled and converted into a two-byte integer.
Students should understand that the big-endian, littleendian controversy means that bytes have to be swapped to be meaningful to the computers at each end of the link. Students should also be aware of the accuracy/time tradeoff in choosing how to represent numbers over this slow (7 ms/byte) communication link.
Students can implement their own controllers in C/C++. They can thus complete an entire design cycle from modeling and control design to discrete-time implementation. 
Quantity Color Description

Figure 5. From physical system to controller implementation. The implementation can be divided into several steps (left-hand boxes). Each step of the implementation requires a specific engineering skill (right-hand boxes). The LEGO cart and pendulum provides an effective testbed for this process.
Experiments
This section presents one set of control experiments that can be performed with the cart and pendulum system. Our aim is to show that introductory experiments using proportional control, as well as more advanced statespace-based control, can be used to illustrate and teach basic control engineering skills. In particular, as indicated in Figure 5 , the implementation of the real-time controller requires several steps, each of which exercises a particular engineering skill. Each of the following experiments requires the student to systematically follow the flowchart of Figure 5 .
The outlines given below can form the basis for either prepackaged experiments, demonstrations for a first course in control, or open-ended projects for the more advanced student.
As illustrated in Figure 6 , both classical and state-space methods can be used at the controller design stage.
System Modeling
There are several ways to obtain a model of the cart and pendulum system in a form suitable for control. While this section considers system identification, other approaches are suggested as well. With the pendulum removed, the cart consists of several inertial elements (the inertias of the cart, motors, brake, and gears) and several resistance-like components (the friction of the motors, brake gears and cart, and the armature resistances). All of the inertias are rigidly coupled by the gear train of Figure 4(b) , and thus there is only one independent inertia. Ignoring the effect of armature inductance, it follows that the cart subsystem relating input u to linear velocity v is first order. Assuming further that the system is linear, its transfer function can be written as
Figure 7. System identification: (a) measured data and (b) reconstructed data. (a) The solid line shows the cart velocity v as measured by the velocity sensor of Figure 3(a), and the dashed line shows the system input u to the motor. As a check on the velocity sensor, the computed derivative ẏ of the cart position y is shown as a dotted line; as expected, the computed derivative is a noisy version of the measured velocity. (b) The solid line is the measured velocity of (a), and the dotted line is obtained by passing the system input u of (a) through the transfer function (1) using the identified parameters a and b of
The corresponding transfer function relating to the "System" block of Figure 6 (a) and (b) is G(s) given by
One approach to finding the parameters a and b is given in the next section.
System Identification
The open-loop data of Figure 7 (a) were generated, where the solid line shows the measured value of the cart velocity v. Following the methods of [10] and [11] , the identification is accomplished in two stages. First, the frequency-sampling filter (FSF) approach of [10] is used to estimate the system step response given as the solid line in Figure 8 from the input-output data of Figure 7 (a). Second, following [11] , a first-order model of the form of (1) is fitted to the estimated step response giving the numerical values of a and b appearing in Table 3 . The corresponding step response is given as the dotted line in Figure 8 . As a further comparison, the input data of Figure 7 passed through the transfer function of (1) with the parameters a and b of Table 3 to generate the dotted line of Figure 7 (b), which is superimposed on the actual data v appearing as a solid line. Figure 10 shows a two-cart system that approximates the cart and pendulum system. The leftmost cart, labeled m = 1, represents the cart that we have already identified, while the spring and the second cart represent the pendulum. The length of the pendulum is l p = 0.38 m, and thus the natural frequency of the cart and pendulum system with the cart fixed is
The two-cart system of Figure 10 with the first cart fixed has the same natural frequency when the spring compliance is given by c p = (l p /gm p ). It turns out that the system transfer function is largely independent of m p as long as m p 1. Here, we somewhat arbitrarily choose m p = 0.1. With this choice, together with (1), (3), and Table 3 , the model of the system of Figure 10 is fully identified.
Proportional Control of the Cart
With the pendulum removed, the system is described by (1), or, in terms of y, as
Root-locus analysis shows that the proportional controller
gives a closed-loop system with poles at s = −1.1548 ± 1.8588j. Figure 9 (a) shows the setpoint w together with the actual and simulated system output y, and Figure 9 (b) shows the corresponding control signals.
State-Space Control of the Cart
From (4), a state-space model giving y in terms of u is given by
A standard observer/state-feedback controller [12] , [13] is designed in the form The state-feedback gain K is the solution to the steadystate linear quadratic optimization problem [12] , [13] 
The observer gain L is the solution to the steady-state optimal observer problem [12] , [13] , where the system states are corrupted by uncorrelated white noise with unit standard deviation and the measurement is corrupted by uncorrelated white noise with standard deviation σ . Numerical values for λ, σ , a, and b appear in Table 3 . The numerical computation is performed using the-MATLAB-like program Octave (see "Online Resources"). A simple octave script is written to convert the equations implied by (7) and Table 3 into C code, together with a simple Euler integration routine [14] , which then becomes an include file for the overall compilation into RCX code (see "Automatic Code Generation"). Figure 11 shows the actual and simulated results. As can be seen, the performance of the state-space controller is better than that of the proportional controller of Figure 9 .
State-Space Control of the Cart and Pendulum
In a similar fashion, a fourth-order version of the observer/state-feedback controller of (7) is designed using the same optimization criterion to give the code shown in Code fragment 19. Once again, Figure 12 shows the setpoint-following behavior of the actual and simulated control system. As in Figures 9 and 11 , there are discrepancies between the simulated and actual result; in this case, there is a significant steady-state offset.
Perhaps the most dramatic desktop demonstration of the controller is as a regulator. With the controller switched off (using the RCX on/off button) the load is manually set swinging up to an angle of about 45 • . The controller is then switched on, and the data recorded on the host machine.
When the cart position is regulated, the load swings freely with a slow decay [ Figure 13(a) ]. In contrast, with the load position regulated, the pendulum stops swinging within about 3 s [ Figure 13(b) ]. As can be deduced from the control signal u, the controller achieves this performance by moving the cart appropriately. In effect, the pendulum is shaken to a halt. This experiment makes an impressive benchtop demonstration for a lecture or class. An online movie is available (see "Online Resources").
Summary
A nice feature of the LEGO system is that, although the mechanical, electrical, and structural construction is good
The student can observe the practical effects of LQ parameters as well as control-signal saturation. The student can devise an extended state-space controller to remove steady-state offset as discussed in [12] and [13] .
The state-space controller has a transfer function representation [12] , [13] . Students can compare the relative performance of the two controllers and give an explanation using the transfer-function representation of each controller.
The LEGO Mindstorms kit is relatively cheap, robust, reconfigurable, reprogrammable, and induces enthusiasm and innovation in students. enough for successful results, there are enough discrepancies between theory and practice to introduce the student to real-world problems of controller implementation. This article concentrates on implementing the feedback controller within the RCX, with the host computer used for compiling, downloading, and data display. However, an interesting research project is to implement part of the controller (for example, optimization-based model-predictive control) on the host computer and communicate by means of the IR channel. The bandwidth restriction that this approach imposes can provide the basis for a research project on control through a restricted-bandwidth channel.
